An overview about ultrastructure of Kranz anatomy in Cyperaceae (Poales) -The ultrastructure of the Kranz tissues in Cyperaceae species with the four types of Kranz anatomy (chlorocyperoid, eleocharoid, fimbristyloid and rhynchosporoid) was studied and compared with species already described in the literature, with the goal verifying the occurrence of patterns for the Kranz types. In addition, chloroplasts and mitochondria were quantified for the first time for all Kranz types. The chloroplast's structure is similar in the mesophyll cells (PCA) in the four Kranz types, but differs in some features in the bundle sheath cells (PCR). In the chlorocyperoid and rhynchosporoid types the bundle sheath cells (PCR) present centrifugal or scattered chloroplasts with convoluted or parallel thylakoids. In the eleocharoid types, the chloroplasts are scattered with parallel thylakoids. The fimbristyloid type presents centrifugal chloroplasts with convoluted and parallel thylakoids. To eleocharoid and fimbristyloid types and to Cyperus and Pycreus (chlorocyperoid) was observed pattern in the chloroplasts position. In most of the studied species the number of mitochondria in the bundle sheath cells (PCR) is significantly higher than in the mesophyll cells (PCA) and this result diverges from the results found in previous studies.
Introduction
Species with C 4 photosynthesis are in general anatomically characterized by the presence of two types of specialized photosynthetic tissues: the photosynthetic carbon assimilation (PCA) tissue, constituted by the mesophyll cells (chlorophyllian parenchyma) arranged radially, and the photosynthetic carbon reduction (PCR) tissue, constituted by the vascular bundle sheath with chloroplasts (Soros & Bruhl 2000; Sage 2004; Sage et al. 2011; Sage et al. 2012) . However, in some species of Amaranthaceae that presents C 4 photosynthesis without Kranz anatomy, in which all photosynthetic process occur within a single chlorenchyma cell (Edwards et al. 2004; Edwards & Voznesenskaya 2011) From an ultrastructural point of view, C 4 plants differ from C 3 ones by the great number of chloroplasts in the bundle sheath cells (PCR), which are absent or fewer in C 3 plants (Brown et al. 1983; Sage et al. 2011) . The structure of the chloroplasts varies between the two photosynthetic tissues (PCA and PCR) mainly in relation to the thylakoids organization (Brown 1958; Black & Mollenhauer 1971; Besnard et al. 2009 ). In addition, the chloroplasts of the PCR tissue can differ in location and organization of the thylakoids system among species from different families or from the same family (Gutierrez et al. 1974; Bruhl & Perry 1995) . In general, these variations are related to the biochemical subtype of the decarboxylation enzymes: NADP-ME; NAD-ME and PCK (Gutierrez et al. 1974; Hatch et al. 1975; Yoshimura et al. 2004) .
Cyperaceae is one of the families with the highest numbers of species with C 4 photosynthesis Rodriguésia 66(2): 633-643. 2015 (Sage et al. 2011) and includes four Kranz anatomical types (chlorocyperoid, eleocharoid, fimbristyloid and rhynchosporoid) (Soros & Bruhl 2000) . In the family each anatomical type are usually associate with a taxonomic group (chlorocyperoid -tribe Cypereae; eleocharoid -Eleocharis; fimbristyloid -tribe Abildgaardieae; rhynchosporoid -Rhynchospora), but in Eleocharis also occurs species with fimbristyloid type and in Rhynchospora the chlorocyperoid type (Soros & Bruhl 2000; Martins & Scatena 2011) .
The Kranz types in Cyperaceae differ anatomically in the number and continuity of the vascular bundle sheath and in the presence or not of chloroplasts in the bundle sheath (Soros & Bruhl 2000; Martins & Scatena 2011) . The fimbristyloid type possesses three bundle sheaths: the outer with thin-walled cells, reduced lumen, and chloroplasts; the middle one has slightly thick-walled cells, reduced lumen, and no chloroplasts; and the inner one (PCR) present thin-walled cells, ample lumen and chloroplasts, being discontinuous in the major veins. In the chlorocyperoid and eleocharoid types the bundles are surrounded by two sheaths: the outer one with slightly thick-walled cells, reduced lumen and no chloroplasts, and the inner one (PCR) with thin-walled cells, large lumen and chloroplast, differing by the continuity of the inner bundle sheath in the major veins only in the eleocharoid type. The rhynchosporoid type differs from the others by the presence of only one sheath (PCR), constituted by thick-walled cells with chloroplasts (Martins & Scatena 2011) .
The origin of the PCA and PCR tissues, besides of the others bundle sheaths were demonstrated by Soros and Dengler (2001) and Martins and Scatena (2011) . These studies showed that in Cyperaceae Kranz species the PCA tissues originates from ground meristem and the PCR tissues, in all Kranz types, develops from procambium.
The biochemical subtype of the decarboxylation enzymes (NADP-ME or NAD-ME) also varies in the C 4 species of the family (Ueno et al. 1989; Bruhl et al. 1987; Bruhl & Perry 1995; Voznesenskaya et al. 2005) , in which the species of the chlorocyperoid, fimbristyloid (tribe Abildgaardieae) and rhynchosporoid types possess the NADP-ME subtype, and the eleocharoid and fimbristyloid (Eleocharis) types contain the NAD-ME subtype (Bruhl & Perry 1995; Murphy et al. 2007) .
The chloroplast characteristics in groups with C 4 photosynthesis might be of great relevance for taxonomy and systematic purposes (Brulh & Perry 1995; Jacobs 2001) . However, in Cyperaceae it is difficult to establish patterns related to the chloroplast structure because of the small number of studied species, mainly in species C 4 of Rhynchospora and Eleocharis. The ultrastructural studies with C 4 Cyperaceae conducted in species from the four Kranz types have mainly examined species of tribe Cypereae (chlorocyperoid) and tribe Abildgaardieae (fimbristyloid) (Carolin et al. 1977; Ueno et al. 1988; Estelita 1992; Bruhl & Perry 1995; Rodrigues & Estelita 2003; Martins et al. 2008) . To Rhynchospora, presenting rhynchosporoid and chlorocyperoid Kranz types, some works described the ultrastructural features to Rhynchospora rubra (Lour.) Makino (rhynchosporoid) (Carolin et al. 1977; Bruhl et al. 1987; Bruhl & Perry 1995) and recently, other Kranz Rhynchospora species with both Kranz types were described by Ueno (2013) , however, were used dry material and therefore some characteristic were unclear, leading the author detach the importance of new studies using fresh material. To eleocharoid type the ultrastructural analysis were conducted mainly with Eleocharis vivipara Link and Eleocharis baldwinii (Torr.) Chapm. (Bruhl & Perry 1995; Ueno 1996; Uchino et al. 1998; Ueno 2004; Murphy et al. 2007 ).
Quantifying organelles is important for characterizing the cell structure of the different Kranz types, and this process has been performed with several Poaceae species (Brown et al. 1983; Yoshimura et al. 2004) . However, in Cyperaceae this approach has only been performed with individuals of Eleocharis vivipara (fimbristyloid) growing in distinct environmental conditions (Ueno 1996) . The information about quantifying organelles are considerate important for indicating the biochemical subtype of the decarboxylation enzymes (Bruhl et al. 1987; Ueno 1996) by the proportion of mitochondria present in the mesophyll cells (PCA -Photosynthetic Carbon Assimilative tissue) relative to the bundle sheath cells (PCR -Photosynthetic Carbon Reductive tissue). The majority studied in Cyperaceae only indicated this proportion by visual observation (Carolin et al. 1977; Bruhl et al. 1987; Bruhl & Perry 1995) .
The aim of this study was to characterize and to quantify the chloroplasts and mitochondria of Cyperaceae species with different types of Kranz anatomy, using fresh material, and compared with species already described in the literature to identify if there is pattern to the types and if the similarities can reflect the taxonomical proximity. Samples of the mid-region of at least three fully expanded leaf blade or scapes (Eleocharis minima) fully developed were fixed in 2.5% glutaraldehyde solution in 0.1 M phosphate buffer at a pH of 7.3 for 24 h at 5ºC, post-fixed with 1% osmium tetroxide in the same buffer for 1 h at 25ºC, dehydrated with an acetone series and embedded in Araldite resin. Ultrathin transverse sections were obtained with a Diatome diamond knife and were stained with uranyl acetate and lead citrate (Reynolds 1963) . The material was examined with a Philips EM 301 transmission electron microscope (MET). The numbers of chloroplasts and mitochondria per cell were counted for 30-40 cells of the mesophyll cells (PCA) and of the bundle sheath (PCR) in eight vascular bundles of at least three leaves under an electron microscope.
Material and methods
Statistical analyses were performed to verify the significant differences among the number of organelles in the PCA and PCR tissues. A nonparametric test (Wilcoxon/Kruskall-Wallis) was applied using R (R Development Core Team 2010).
Results

Mesophyll cells (PCA)
In all studied species, the mesophyll cells , in transverse sections, have generally lenticular chloroplasts located near the cell walls (Fig. 1b, c) and with well-developed grana (Gr) (Fig. 1d) . Plasmodesmata (Pl) occur between adjacent PCA cells ( Fig. 1e) and also between the PCA cells and adjacent bundle sheath cells. The PCA cells in the studied species differ in the number of chloroplasts (Tab. 2) and in to the development of the peripheral reticulum (Pr), which is well-developed in Eleocharis minima (eleocharoid), Rhynchospora terminalis (rhynchsoporoid) and R. barbata (chlorocyperoid) (Fig. 1f ) and which is reduced or absent in the other species. The mitochondria (Mi) in the PCA cells are oval with developed cristae (Fig. 1c) .
Bundle sheaths (Chlorocyperoid)
The Kranz chlorocyperoid species Cyperus ligularis (Fig. 1g) , Kyllinga brevifolia (Fig. 1h) and Rhynchospora barbata (Fig. 1i) , possess two sheaths around the vascular bundles: the outer one (Os) lacks chloroplasts, whereas the inner one (Is) has larger chloroplasts (PCR) (Fig. 1g, i) . In the inner sheath cells (Is), the chloroplasts are located centrifugally in C. ligularis (Fig. 1g) , but in K. brevifolia (Fig. 1h) and R. barbata (Fig. 1i) they are centrifugal or do not present a pattern of localization (Tab. 1). The lamellar system of the chloroplasts is composed of thylakoids parallel or convoluted in C. ligularis (Fig. 1j) , parallel in K. brevifolia (Fig. 1k) and parallel or convoluted, sometimes forming concentric cicles, in R. barbata (Fig. 1l) . The peripheral reticulum is reduced or absent (Fig. 1j , k, l and Tab. 1). Starch grains were observed only in Kyllinga brevifolia, which can be numerous, large and generally elipsoids (Fig. 1k) . The mitochondrias in the PCR cells are usually oval in transverse view (Fig. 1m ) and in K. brevifolia and R. barbata, they were more numerous in PCR cells than in the PCA cells, while in C. ligularis, the PCR and PCA cells had similar numbers of mitochondria (Tab. 2). Plasmodesmata (Pl) are frequent between the anticlinal walls of the inner sheath cells (Fig. 1m) , connecting them, and between the inner sheath cells and the outer bundle sheath cells (Fig. 1i ).
Bundle sheaths (Eleocharoid)
Eleocharis minima possess Kranz elecharoid anatomy and have two vascular bundle sheaths: the outer bundle sheath (Os) lacks chloroplasts, whereas the inner bundle sheath (Is) present chloroplasts (PCR) (Fig. 2a) . In the inner sheath cells, the chloroplasts do not show a constant location and ocuppy most of the cell lumen (Fig. 2a) . These organeles shows parallel thylakoids (Fig. 2b) , reduced peripheral reticulum and few starch grains. Additionally, in these cells, the mitochondria (Mi) are oval or elongate in transverse view (Fig. 2b) and were more numerous compared to those in the mesophyll cells (PCA) (Tab. 2). Plasmodesmata (Pl) occur between the anticlinal walls of the inner sheath cells and between the inner sheath cells and the outer bundle sheath cells. (Fig. 2c) , with vascular bundles surrounded by three sheaths: the outer sheath (Os) and the inner sheath (Is) with chloroplasts, while the middle sheath (Ms) lacks chloroplasts (Fig. 2c) . In the cells of the outer bundle sheath, the chloroplasts are smaller than those of the PCA cells, but are similar in lenticular shape, welldeveloped grana (Fig. 2d) and reduced peripheral reticulum. In the inner sheath (PCR), the chloroplasts are mainly centrifugal (Fig. 2c, e) , with convoluted thylakoids in Bulbostylis scabra and convoluted or parallel thylakoids, sometimes forming concentric cicles, in Fimbristylis autumnalis (Fig. 2e) and a reduced peripheral reticulum. The mitochondria of the inner sheath cells are oval or circular in transverse view with well deveped cristae (Fig. 2e) . In these species the mitochondria were more numerous in inner sheath cells (PCR) than in the mesophyll cells (PCA) (Tab. 2). Plasmodesmata (Pl) are frequent among the cells of the different sheaths and between the anticlinal walls of the inner sheath cells. Starch grains were not observed in the PCR cells.
Bundle sheaths (Rhynchosporoid)
The rhynchosporoid species, Rhynchospora globosa ( Fig. 2f) and R. terminalis (Fig. 2g) , have vascular bundles surrounded by a single bundle sheath containing chloroplasts (PCR) (Fig. 2f) . In the cells of this sheath, the chloroplasts located in general centrifugally (Fig. 2g) and possess usually parallel thylakoids (Fig. 2h, i) , a reduced peripheral reticulum and few starch grains. The mitochondria are oval in transverse view and they were observed in similar numbers as those in the mesophyll cells (PCA) (Tab. 2). Plasmodesmata are frequent between the anticlinal walls of the inner sheath cells (Fig. 2i) and between the inner sheath cells and those of the mesophyll cells.
The characteristcs of the organelles in the studied species (Tab. 1) were compared with those species of the literature (Tab. 3) to further the discussion.
Discussion
The Kranz Cyperaceae species of the four anatomical types studied here and described in the literature (Carolin et al. 1977; Ueno et al. 1988; Bruhl & Perry 1995) have chloroplasts in the mesophyll cells (PCA) with well-developed grana. These same characteristics was observed in the chloroplasts of the outer bundle sheath cells in the Kranz fimbristyloid species study here and in the literature (Bruhl & Perry 1995) . Therefore, the mesophyll and outer bundle sheath cells in the fimbristyloid type, that present the same origin (Martins & Scatena 2011) , can be interpreted as having similar functions as indicated by Carolin et al. (1977) . The variations in location and structure of chloroplats in the bundle sheath cells, that constitute the PCR tissue, observed in the species studied here (Tab. 1) also was observed in others studied species (Tab. 3), differing in some aspects (Tabs. 1, 3) .
Pattern to chloroplast location only can be indicated to eleocharoid and fimbristyloid (tribe Abildgaardieae) types (Tabs. 1, 3) in the Cyperaceae Kranz species. To the others types this character varies (Tabs. 1, 3) and then it cannot be applied in taxonomical context to taxa with these Kranz types. According to Hattersley & Browning (1981) , the chloroplast location can be related with the photosynthetic activities and the centrifugal position facilitate the transport of metabolites. Therefore, the centrifugal chloroplasts position in all fimbristyloid species from the Abildgaardieae described can be influenced by the distance between the PCR and PCA, because this Kranz type is the unique type with three bundle sheaths. In the others Kranz types with two (chlorocyperoid and eleocharoid) or one sheaths (rhynchosporoid) is more common the scattered distribution.
Yet as to the fimbristyloid type (tribe Abildgaardieae), thylakoid system organization was described as convoluted or contorted (Tab. 3), but in the species studied here also occur the parallel organization (Tab. 1). The occurrence of convoluted and contorted thylakoids has been related to the increase to the stromal area (Carolin et al. 1977; Rodrigues & Estelita 2003) .
In the Kranz chlorocyperoid species, that included members of tribe Cypereae (Cyperus ligularis and Kyllinga brevifolia) and tribe Rhynchosporeae (Rhynchospora barbata) from present study and literature, it was not possible establish a pattern because of variation in the chloroplast position, development of the peripheral reticulum and the organization of the thylakoid system (Tabs. 1, 3). Nevertheless, within the tribe Cypereae, the Kranz Cyperus and Pycreus species had chloroplasts in the centrifugal position (Tab. 3), representing a potential taxonomic character and reflecting similarity between the genera, already indicated by Tucker (1994) , who grouped all species of these genera within Cyperus.
The similarity observed about the chloroplast location and structure in Eleocharis species with eleocharoid (Tabs. 1, 3) or fimbristyloid (Tab. 3) types can be interpreted as a pattern to the Kranz species of the genus and can be useful to the taxonomy of this group.
The characteristics of the chloroplasts in Rhynchospora species from both Kranz types (chlorocyperoid and rhynchosporoid) are generally similar in position, thylakoid system organization and the development of the peripheral reticulum ( Tabs. 1, 3) . So, these features can be considerate common to Kranz species of the genus.
The peripheral reticulum constitutes a series of anastomosed tubules located in the stroma periphery of the chloroplast (Laestch 1974) and present taxonomic values to Kranz Cyperaceae species (Ueno et al. 1988; Bruhl & Perry 1995) . However, in the studied species here and from the literature, the degree of peripheral reticulum development is varied, even in close groups (Tabs. 1, 3), remaining constant only in Kranz Rhynchospora.
Some authors indicated that the variations in the chloroplast location (centripetal or centrifugal), organization of thylakoids system (with or without grana developed) and ratios of mitochondria quantity between the PCA and PCR tissues in Poaceae and Cyperaceae species can be related with the biochemical subtypes (NADP-ME or NAD-ME) (Hatch et al. 1975; Hattersley & Browning 1981; Bruhl & Perry 1995) . In Poaceae, the species with NADP-ME subtype present centrifugal chloroplasts with reduced or absent grana and similar ratios of mitochondria between the PCA and PCR tissues (Hatch et al. 1975; Hattersley & Browning 1981) . Whereas in NAD-ME species, the chloroplasts are centripetal, with grana developed and major number of mitochondria in the PCR tissues (Hatch et al. 1975; Hattersley & Browning 1981) .
About the chloroplast location, in the Kranz species of Cyperaceae studied here (Tab. 1) and described in the literature (Tab. 2), they present centrifugal distribution only in the fimbristyloid (tribe Abildgaardieae) and chlorocyperoid (Cyperus, Pycreus) types. These Kranz types were indicated to present NADP-ME subtype (Ueno et al., 1989; Bruhl & Perry 1995) , corroborating the same chloroplast location observed in NADP-ME Poaceae species (Hattersley & Browning 1981) . However, other Kranz Cyperaceae species, (2013) such as rhynchosporoid (Rhynchospora) and chlorocyperoid (Kyllinga) types, also indicated to have NADP-ME (Ueno et al. 1989; Bruhl et al. 1987) , the distribution of the chloroplast in PCR cells can be scattered or without location pattern (Tabs. 1, 3). Only Kranz Eleocharis species were indicated to have NAD-ME biochemical subtypes (Bruhl et al. 1987; Bruhl & Perry 1995) , but different from those Poaceae species with this subtype, the chloroplasts do not present location pattern (Tabs. 1, 3) . In relation to the ratios of mitochondria between the PCA and PCR tissues (Hatch et al. 1975; Hattersley & Browning 1981) , in Kyllinga brevifolia and Rhynchospora barbata (chlorocyperoid) and in Bulbostylis scabra and Fimbristylis autumnalis (fimbristyloid), the number of mitochondria was significantly greater in the PCR cells relative to the PCA cells, even these Kranz types being indicated to have NAPD-ME. To Rhynchospora species from the both Kranz types (chlorocyperoid and rhynchosporoid) was indicated no significant increase in the number of mitochondrias in the PCR cells in relation to the PCA cells (Ueno et al. 1988; Bruhl & Perry 1995; Ueno 2013 ). This indication is in accord with our observations only to rhynchosporoid species. Thus, the centrifugal localization of the chloroplasts in the PCR cells and the similar ratio of mitochondria between PCA and PCR do not represent consistent characteristcs for indicating the biochemical subtype NADP-ME in the Cyperaceae different from that described to NADP-ME Poaceae species.
The species of the Eleocharis genus studied here (Tab. 1) and described in the literature (Tab. 3) present chloroplast without location pattern (Tab. 1) or scattered (Tab. 3) and have been indicated to possess the NAD-ME biochemical subtype (Bruhl & Perry 1995) , differing from the Poaceae species with this subtype that possess centripetal chloroplast (Hattersley & Browning 1981; Yoshimura et al. 2004) . Thus, the data observed here show that the characteristics of location, thylakoids organization and mitochondria ratios between PCA and PCR tissues that were indicated as useful traits to distinguish NADP-ME and NAD-ME biochemical subtypes to Poaceae, in general, cannot be applied to Cyperaceae.
The dimorphism between PCA and PCR tissues was corroborated in the present study, in which the PCA cells possess chloroplast with welldeveped grana and PCR cells show chloroplasts with grana absent or reduced (parallel thylakoids). The characterization and quantificafion of chloroplasts and mitochondria amplify the knowledge about the different types of Kranz anatomy in Cyperaceae, showing that Kranz species of the eleocharoid, rhynchosporoid and fimbristyloid types, have patterns in relation to chloroplast position and/or thylacoids organization. In addition, to the genera Cyperus, Eleocharis, Pycreus and Rhynchospora some characters can be useful for future studies of their systematics. To Cyperus and Pycreus the similarities in the chloroplast structure reinforce the proximity of these genera. To Eleocharis and Rhynchospora species with different Kranz types show similarities in chlroplasts location and organization of thylacoids.
